Introduction {#sec1-1}
============

Advances in oral implant research have led to the development of several different types of implants, and it is anticipated that continued research will lead to even more improved systems. Endosseous implant systems include a range of sizes, shapes, coatings, and prosthetic components. A variety of lengths and widths should be available to better incorporate the implant fixture within osseous structures.

Prosthetic components can also be selected in a variety of size and angles to perfectly accommodate the final restoration. Also, implant surface morphology has been shown to influence osseointegration. Porous coating (i.e., acid-etched, sand-blasted) can achieve more bone-to-implant contact than smooth subcrestal surfaces.[@ref1]

It has been a continuing goal to optimize the present systems and develop new systems that not only omit the limitations of previous systems also have better biomechanical, clinical and histomorphometrical advantages. For evaluating the biomechanical features of newly developed implant designs, the stress transmission between the implant and the surrounding bone is of uttermost importance.

Finite element analysis (FEA) can simulate the interaction phenomena between the implants and the surrounding tissues.[@ref2] Load transmission and resultant stress distribution is significant in determining the success or failure of an implant. Factors that influence the load transfer at the bone implant interface include the type of loading, material properties of the implant and prosthesis, implant geometry-length, diameter as well as shape, implant surface structure, the nature of the bone-implant interface, quality and quantity of the surrounding bone.[@ref3]

Among the biomechanical factors that influence the load transfer at the bone-implant, the length, diameter, and body/thread shape are easily changed and are of the most importance. The optimum length and diameter necessary for long term implantation success depends on the bone support condition. If the bone is in normal condition, length and diameter appear not to be significant factors for implant success. However, if the bone condition is poor, large diameter implants are recommended and short implants should be avoided.[@ref4]--[@ref7] Optimum implant shape is related to the bone condition and implant material properties. Implant designs have adopted various shapes and FEA seems to indicate that for commercially pure titanium implants (CPTI), smoother profiles engender lower stress concentrations. The optimal thread design to achieve the best load transfer characteristics is the subject of current investigations.[@ref5][@ref8]--[@ref11]

If we could modify implant body and thread form to maintain the beneficial stress level in a variety of loading scenarios, we may conquer one of the most important challenges in implant bone biomechanics.

So, our aim was to design and develop a new dental implant in order to manufacture a system with advantages of previously existing systems and enhanced biomechanical, practical and economical features. As various implant geometries present different biomechanical behaviors, the purpose of this work was to study stress distribution around tapered and cylindrical threaded implant geometries using three-dimensional finite element stress analysis.

Materials and Methods {#sec1-2}
=====================

This study was performed in four phases including designing the implant models, creating solid models of mandible and porcelain crown, creating finite element model and analyzing the process of load transfer and stress distribution. In fact, implant models, mandibular section and the crown were created and modeled separately and were combined and overlapped to create a whole model of all. Then, the analyses were done on this combination.
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### Designing implant Models {#sec3-1}

The implant models were constructed using the Computer Assisted Designing (CAD) system (Mechanical Desktop engineering software). For the threaded implants, first the form of the thread was designed and then, the helical sweep function was used to create the geometry of spiral threads. Models were saved as an IGES file and was imported to CATIA software (Dassault Systèmes, Vélizy-Villacoublay, FRANCE) to generate a model of a crowned implant in mandible.

### Creating 3D solid models of mandible and a porcelain crown {#sec3-2}

An implant supported acrylic resin crown for the first premolar was constructed. Mandibular bone segment and the crown were scanned using an advanced topometric sensor digitizer, ATOS II (Capture3D, Costa Mesa, CA, USA) and point clouds of the crown and mandibular section were obtained and saved as Cat part files. The Cat part file of point clouds was transferred to CATIA to create digitized 3D models of mandible and crown. The combined 3D solid model was saved as a Model file in CATIA.

### Creating implant-bone finite element model {#sec3-3}

The combined solid model was transferred to ABAQUS version 6.5 (ABAQUS Inc., Providence, RI, USA) to create a finite element meshed model in order to be analyzed later. For constructing the finite element models, 10 node modified quadratic tetrahedral p-elements (C3D10M) were used.

### Finite element analysis of the models under load {#sec3-4}

The analysis was performed on a Pentium IV 3200 (AMD Anthon) with 1024 MB RAM. The material properties of cortical and trabecular bone were modeled as being transversely isotropic and linearly elastic, which describe an anisotropic material. For the cortical bone, the material properties of the buccal and lingual directions were isotropic along the axis of the mesiodistal direction. Trabecular bones were isotropic in the inferior-superior direction. The material of the implant and crown were assumed to be isotropic and linearly elastic.

The buccal axial force was applied parallel to the long axis of the implant on the buccal cusp as the loading condition. The bottom surface of the mandibular section was constrained in the x, y and z directions (displacement = 0) as the boundary condition.

The bone-implant interface and crown implant interface were rigidly bonded in the models. The highest maximum and minimum principal stresses of bone were used for the comparison. In addition, the interfacial stresses in bone along the implants buccal and lingual surfaces, from the alveolar crest to the apex of the implant were analyzed and compared along the 7 models.

Results {#sec1-3}
=======

The highest maximum principal (tensile) and minimum principal (compressive) stresses of cortical and trabecular bone of the 7 finite element models are shown in [Table 1](#T1){ref-type="table"}.

###### 

The highest maximum and minimum principal stress (MPa) in cortical and trabecular bones around the implant
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For all models, the highest stresses of cortical bone were located at the crystal cortical bone around the implant which corresponded with the clinical finding of crestal bone loss. For the trabecular bone the stress was concentrated near the endosteal trabecular bone, the tip of the thread and the apex of the implant.
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### Effect of thread type and presence {#sec3-5}

Regarding the models of the straight implant, peak tensile stress in the cortical bone was 61% higher for the triangular thread-straight model than for the no thread--straight model. However, peak tensile stress in trabecular bone was nearly the same for the two models. Also, in the square-straight model, the peak tensile stress in the cortical bone was 66% higher than for the no thread--straight model in cortical bone and 45% for trabecular bone. Peak compressive stress in the cortical bone was 9% higher for the tri-straight model and 41% higher for the sq-straight model than for the no-straight model.

Regarding the models of the taper implant, peak tensile stress in the cortical bone was nearly the same for the tri-taper model, no-taper model and square taper models. However, there was a slight difference (tri taper \> sq taper \> no taper). Peak compressive stress in the cortical bone was 11% higher for the tri-taper model and 7% higher for the sq-taper model than for the no-straight model.

### Effect of microthread {#sec3-6}

In the last model with microthreads in cervical portion, peak tensile stress in the cortical bone was 95% lower than that in tri-taper and square taper implant, and 52% lower than that in tri-straight implant. Peak compressive stress in the cortical bone was also 30% lower than that in tri-taper implant, and 26% lower than that in sq-taper implant. However, the peak compressive stress in trabecular bone was only lower than that in sq-taper model in trabecular and cortical bone but not lower than that in others which indicate that the microthread portion has effect only in cortical bone.

### Effect of body tapering {#sec3-7}

Regarding the body geometry, peak tensile stress was 29% lower for the tri-straight model than for the tri-taper model in the cortical bone and 110% higher in the trabecular bone. Peak compressive stress in cortical bone around taper implant was 51% higher than that in straight model. Also, in the square threaded implants, peak tensile stress was lower for the sq-straight model than for the sq-taper model in the cortical bone and also, it was higher in the trabecular bone. Peak compressive stress in cortical bone around taper implant was 12% higher than that in straight model. In the no threaded models compressive and tensile peak stress were higher in taper models than those in straight models not only in cortical bone also in trabecular bone.

Discussion {#sec1-4}
==========

This study was designed to evaluate the influence of different dental implant features including body shape and taper, thread shape and simultaneous micro- and macro- threads on stress distribution and strains in the alveolar bone.

In this study we used finite element modeling of dental implants via spiral threaded implants. Most of the previous studies used non-spiral dental implant models for the purpose of simplicity.[@ref12]--[@ref13] So, we can claim that our models and our results are closer to the real conditions and are much more accurate on predicting the stress and strain patterns.

All models had a peak stress localized in the crestal region of the cortical bone, which is co-approved by previous studies.[@ref13]--[@ref17] The peak stress on cortical bone was highest in the threaded implants. However, it should not be concluded that threads lead in a greater amount of implant failure. The main benefit of threads is the resistance against the shear stress which is the most destructive one.

Misch states three functions for threads which are to maximize initial contact, enhance functional surface area and facilitate dissipations of stress at the interfacial area.[@ref18] Interfacial stress analysis showed that threaded designs lower the stress near the valley of the thread. Also, two other clinical advantages can be counted for threaded types which are increased stability[@ref19][@ref20] and stress induced bone formation.[@ref21] Threaded designs show a wavy interfacial stress pattern along the implants surface in trabecular bone while the cylindrical straight model showed one large high stress area. Recent FE studies also has shown that threaded and also stepped characteristics dissipate the stress transfer pathway from a single high stress area into numerous disconnected areas of bone near the threads tips and stepped areas.[@ref22]--[@ref24] Some authors[@ref25] have demonstrated two reasons for this dissipation. First, the stress concentration yielded by geometric discontinuity and stress shielding effect. Second, the geometric discontinuity of the threaded designs results in high stress at the valley between pitches explainable by flexure formula and concentration factor. Also, in the valley between pitches the radii were smaller than those on the tip of thread which increases nonlinearly stress on the implant surface. This is known as the stress shielding effect.

So although the threaded forms had a higher peak of stress, the benefits of threads cannot be neglected. In evaluating the best form of thread for dental implants, three factors should be taken into account: thread shape, thread depth, and thread pitch.[@ref18]

Misch[@ref18] relates all these factors to functional surface area per unit length of implant which is modified by these three parameters. The greater the thread pich and depth, the greater the surface area if all other factors are the same. However, from the surgical ease point of view, the fewer the threads, the easier the bone tap or the insert of the implant. A FE 3D study reported that V shape and reverse buttress had similar values whereas the square threads had less stress in compressive and more importantly, in shear forces[@ref26]. In another study the square thread exhibited higher reverse torque values after initial healing whereas the V shaped and reverse buttress were similar[@ref27]. High stress is primarily transferred through the implant surface of the valley of the thread reducing the stress in bone near the interface which may improve osseointegration and benefit the threaded implants with greater bone implant contact. By the way, the square thread showed larger areas of low interfacial stress near the tips of the implant in trabecular bone compared to the triangle thread.

Also, Patra et al.[@ref28] reported that the tapered thread design of branmark implant exhibited higher stress levels in bone than the parallel profile thread of BUD implants which seemed to distribute stress more evenly. In our study, the square thread form had a lower peak of stress (tensile and compressive) compared with triangular thread which confirms previous studies. Evaluating the body taper of the implant, the tapered implant body increased peak tensile stress of cortical bone compared to straight body with both triangular and square threads. The tapered body form has been a place for challenge in the studies.

Some studies have shown that the tapered body decreases the stresses in both cortical and trabecular bone compared with straight design.[@ref29] Reiger et al.[@ref30] reported that stress is more dissipated throughout the interfacial area and they claimed that a tapered endosseous implant with a high elastic modulus is the most suitable form. In some researches, it has been claimed that taper design releases stress in the cortical bone and transfers more stress into trabecular bone.[@ref31] However, in a recent FE study by Huang et al.,[@ref32] it was concluded that stress was decreased in both cortical and trabecular bone using the taper body form. They attributed this to the increased depth of the thread in the tapered body which increased the interfacial area for the implant contact. From our point of view, this could not be a precise reason as the increase in interfacial area is seen in the threaded straight implants too.

On the other side, Mailath et al.[@ref8] using FEA have reported that cylindrical implants were preferable to conical implant shapes. In another study, Siegel and Soltesz[@ref10] compared cylindrical, conical stepped screw and hollow cylindrical implant shapes by means of FEA and indicated that implant surface with very small radius of curvature (conical) or geometric discontinuation induced distinctly higher stresses than smoother shapes (cylindrical, screw-shaped).

In our study, the peak tensile stress of cortical and trabecular bone were increased in taper body form compared to straight body with both triangular and square threads. It seems that the idea which claims that the taper body form increases the peak stress is much more realistic. Evaluating the effect of micro/double threaded region, the double threaded area in the cervical region caused a considerable decrease in the peak tensile and compressive stress of cortical bone. These features have some benefits over conventional threads. First, it increases the function contact area which benefits the osseointegration and stability in the cortical bone which is the most critical area. As it was demonstrated, the peak stress in all forms is in the crestal region. Having a wider contact area, because of increased thread pitch, enables better dissipation of stress and prevention of stress concentration.

Second, the reduced peak of stress in the cortical bone prevents resorption caused by overloading forces. This is a very precious finding which may benefit the new designs of dental implants. On the other hand, the ease of surgical placement is achieved using double threaded implants. This ease of surgical process is both in the increased pace of placement and increased bone tap.

Conclusion {#sec1-5}
==========

The findings of the current study indicated that threaded implants, triangular thread form and taper body form had a higher peak of tensile and compressive stress than non-threaded implants, square thread form and straight body form, respectively. A taper implant with triangular threads which are doubled in the cervical portion of the body had a significantly lower peak of tensile and compressive stress in the cortical bone than straight/taper triangular or square threaded implant forms.

Limitations of this study can be stated as follow: first, this study only analyzed a bonded state in bone implant interface. For the investigation of interfacial stress, the non-bonded state is of importance too. Second, biologic variations may cause a significant variation in stress/strain pattern. So, confirmative clinical and biological studies are required in order to benefit the results of this study.
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